An apparatus was designed for simultaneous measurement of rates of N2 fixation estimated by C2H2-C2H4 assay (N21 C2H21 fixation) and N03-absorption by roots of intact, nodulated soybeans (Glycine max IL.I Merr.). The principal design features include: (a) a gas-tight mist chamber in which nodulated roots can be exposed simultaneously to C2H2 in the gas phase and to a lquid phase containing N03 sprayed in a fine mist; and (b) provision for sampling the gas phase for C2H4 determination, and the liquid phase for N03-determination.
established that 0.5 Mm N03-nearly saturated the N03-absorption system of both nodulated and unnodulated soybeans when the concentration dependence of NO3-absorption rate was measured just after flowering began. Nitrate absorption rates were measured after development of N stress in unnodulated plants, and during recovery from N stress in nodulated plants. The results suggested that the lower capacity for N03-absorption of nodulated plants was a consequence of N stress during the period of nodule growth and development.
Nitrogen I C2H21 fixation rates were compared in intact plants assayed in the mist chamber and in excised roots assayed in both the mist chamber and in glass jars. Excised roots had a lower N21 C2H21 fixation rate than intact plants. The decline observed during the first hour after shoot removal was more pronounced for glass jar-assayed excised roots than for nist chamber-assayed excised roots.
We discuss the advantages of our method for assessing the capability of a nodulated legume to acquire nitrogen through both N2 fixation and absorption and assimilation of N03-.
plant age, or the presence or absence of nodules, as measured simultaneously with the reduction of C2H2 by nodulated roots.
Most early applications of C2H2 reduction for investigating legume N2 fixation employed excised nodules, nodulated root segments, or soil cores. Such methods have several potential limitations, however. The adverse effects of 02 depletion (6) , water stress (19) , ethanol accumulation (20) , and decreased carbohydrate supply to nodules (15, 17) have been demonstrated. Extrapolations from measurements on excised tissues might lead to misinterpretation of the nodules' role in integrated whole-plant processes.
A recent consequence has been a trend toward developing techniques and apparatus for in situ C2H2 reduction assays on intact nodulated legumes. Mederski and Streeter (11) devised a method for suspending soybean root systems in a gas-tight enclosure and spraying them with a nutrient mist. Acetylene reduction was then monitored over several days. Although that system was obviously well suited for ion absorption studies, no such investigation was reported. Zobel et al. (24) grew several legume species with well nodulated roots in an "aeroponic" system. Their success suggested that nodules both developed and functioned well in a nutrient mist. We were convinced that a mist or spray would serve equally well for short term studies of absorption kinetics for a single ion (NO3 ), and would also facilitate simultaneous measurements of the N2[C2H21-fixing activity of nodules.
The objectives of the research reported here were to: (a) develop methodology that would facilitate simultaneous measurement on intact nodulated soybean plants of N03 absorption from a liquid phase, and reduction of C2H2 to C2H4 in a gas phase; (b) evaluate the method by comparison with previously developed techniques; and (c) determine whether nodulated and unnodulated soybeans differ in NO3 absorption capacity, and if so, why.
MATERIALS AND METHODS
Legumes are unique among crop plants in their ability to satisfy their large demand for N either through absorption and assimilation of inorganic N from the soil solution or by symbiotic fLxation of atmospheric N2. It has long been recognized (3, 15) that interactions are possible between the processes of: (a) absorption, assimilation, and translocation of N03 ; (b) N2 fixation; and (c) assimilation and translocation of the product NH3.
The concentration-dependent kinetics of N03 absorption has been reported for only a few species of economic higher plants (10, 13, 18 Pure cultures of Rhizobiumjaponicum (Kirchner) Buch., USDA strain 3I lb 110, were maintained in liquid media modified by substituting the monosodium salt of L-glutamic acid for L-glutamic acid, and yeast extract (1.0 g/l) for biotin (14) . Fresh media were inoculated every 10 to 12 days, and cultures were checked periodically for contamination using tryptic soy agar plates (Difco Laboratories). Agar slants modified to include biotin at 0.25 mg/l and omitting pyridoxal HCI (16) .LM CoCl2 6H20 was added. The full strength N-free nutrient solution contained micronutrients as above and macronutrients supplied as follows, with final concentrations (mM) in parentheses after each salt: K2S04 (2.0); KH2PO4 (1.0); K2HP04 (0.5); MgS04 7H20 (1.0); and CaSO4 2H20 (4.0).
In all solutions, excess CaCO3 (0.5 g/l) was added to buffer against the rapid pH drift commonly experienced when soybeans are grown in unbuffered culture solutions (7; Solution volumes were maintained by adding nutrient solution once a week, midway between complete renewals, and distilled H20 as needed. Solutions were completely renewed at weekly intervals.
ASSAYING PROCEDURE
The general procedure employed for simultaneous assays was as follows. Permagum sealing compound (Virginia Chemicals, Inc., West Norfolk, Va.) was gently pressed around each plant's stem at the junction with the rubber stopper. The plants were removed from the nutrient solutions, and the roots were rinsed twice in 0.5 mM CaSO4. The plants were then transferred to a controlled environment chamber where all assays were conducted.
This chamber was also set for a 14-hr photoperiod, 28/22 C day/night temperature cycle, and provided an average PPFD of 450 to 500 ,uE m-2 sec-1 (supplied by both fluorescent and incan- 
RESULTS
Acetylene Reduction. Figure 2 shows the kinetics of [C2H2] and C2H2 reduction during a typical assay. Acetylene concentration declined rapidly during the first 5 to 10 min, after which no further significant decrease was detected. The initial decline is attributed to the solution of C2H2in the liquid phase. The constant [C2H2j thereafter indicates that equilibration had been attained between the liquid and gas phases and that the system was gastight.
In this experiment C2H2 reduction was linear throughout the assay period. Continued production of C2H4 at a constant rate, for 2 hr (Fig. 2) in this experiment and for as long as 3 hr in other experiments (data not shown), offered indirect evidence that: (a) the chamber was gas-tight; (b) 02 supply was not limiting; and (c) shown). Consequently, all subsequent experiments were conducted at or slightly above 0.02 ml/ml initial [C2H2], unless specified otherwise.
No detectable amounts of C2H4 were produced by nodulated plants when C2H2 was not added to the system, nor was any C2H4 produced by unnodulated plants in the presence or absence of C2H2 (data not shown). Thus, problematical background levels of endogenous C2H4 are avoided in this system.
We also investigated whether added C2H2 and/or accumulating C2H4 might alter the kinetics of N03-absorption. As shown in Figure 3 , the rate of N03-absorption was not changed by adding C2H2 midway through the absorption period. The lack of response to C2H2 permitted flexibility in designing experiments. Acetylene reduction could be assayed before, after, or during exposure to a NO3 -containing absorption solution with assurance that the measured N03 absorption kinetic data were valid.
Nitrate Absorption. Figure 4 shows the absorption of N03 as a function of time for nodulated and unnodulated plants. For unnodulated plants grown on N03 , the data suggest a time lag of, at most, 1 hr before N03 absorption began at a constant rate. Nitrate absorption by nodulated roots followed a similar time course except for a longer time lag. The N03 absorption rate from this (0.5 mM) concentration, once it attained a constant value, was substantially higher for unnodulated plants than for nodulated plants.
The effect of external [NO3-] on N03 absorption rate was also investigated for both unnodulated and nodulated plants. In three separate experiments, N03 absorption rate by unnodulated plants increased as [NO3 I increased (Fig. 5) . The data were fitted to a rectangular hyperbola for illustrative purposes, using the Michae- Table   II) .
Two experiments were performed to determine whether these differences in development might account for the observed differences in N03 absorption rates, and to separate N stress effects from the effects of nodulation per se. In the first experiment, after 2 weeks of growth in N-free solution and 1 week in N-containing solution (the sequence routinely given all plants), unnodulated plants were returned to N-free nutrient solution for a 10-day period prior to assay. Nitrate absorption rate was then measured as a function of increasing [NO3-]. These N-stressed unnodulated plants had a Vmax of 24.12 ,umol of NO3 absorbed (g root dry weight hr)-f and a Km of 0.085 mm N03 . Comparison of these kinetic constants with those presented previously (Fig. 5) shows that the NO3 absorption systems were similar in roots of both nodulated and N-stressed unnodulated plants.
In the second experiment, nodulated plants were returned to Ncontaining nutrient solution for 2 and 4 days before the rate of N03 absorption from 0.5 mm N03 was measured (Table I) . Before the return to N, the N03 absorption rate of nodulated plants was only 36% of that of unnodulated plants. Two days of exposure to N more than doubled the N03 absorption rate. After 4 days the rate had tripled, and capacity for N03 absorption was slightly, though not significantly, greater than that of unnodulated plants. In this experiment nodulated plants responded to the return to N with an increase in dry weights, N percentages, and N content of roots, shoots, and whole plants (Table II) .
Effect of Sboot Removal. Two preliminary experiments sug- though not significantly, lower than the 2nd-hr rate for excised roots in the mist chamber (Fig. 6 ).
DISCUSSION
As measured in the mist environment of our apparatus, N03O
absorption by soybeans was similar in kinetics to N03-absorption reported for other species (2, 9, 13, 18 Some of the lower capacity of nodulated plants for N03 absorption might also be ascribed to the absence of a fully operative N03 transport system and to the measurement of absorption rate before induction of such a system had been completed. Admittedly, that parameter was subject to experimental manipulation by choice of pretreatment conditions. Even so, any increase in rate that could have been expected after sufficiently long inducing conditions (Fig. 4) reduction in N2[C2H2] fixation rate during the 1st hr after shoot removal. This immediate effect was followed 1 hr later by a second rate decline of comparable magnitude (percentage-wise) in both excised root treatments (mist chamber-and glass jar-assayed). Exhaustion of the root system's readily available pool of photosynthetically derived storage carbohydrates probably begins soon after shoot removal (12, 17) . These carbohydrates are required as a source of C skeletons for transamination reactions and energy and electrons for nitrogenase-catalyzed N2 fixation, via oxidative phosphorylation in the nodules. The initial decrease in N2 [C2H2] fixation rate may reflect the transition from utilization of recent photosynthate to mobilization and metabolism of this storage pool. The second decline, beginning 1 hr later, may represent the maximum rate possible once the nodules are completely dependent on (and limited by) the series ofbiochemical reactions involved in utilization of storage carbohydrate. Although this experiment was not continued long enough to detect subsequent additional rate decreases, they might be expected, considering the dependence of N2 fixation in legume nodules on recent photosynthate (15) .
Nitrogen (C2H2] fixation rate during the 1st hr was substantially lower for roots assayed in glass jars (i.e. by a frequently used technique) than for mist chamber-assayed excised roots (Fig. 6 ). These data suggest that techniques widely used to measure C2H2 reduction preclude estimation of maximum potential N2 fixation capacity. Too high a nodule-to-volume ratio in the C2H2 incubation vessel can reduce N2[C2H2] fixation rates, even during short assays (6, 21) , probably through a depletion of available 02. Sprent (19) demonstrated the sensitivity of C2H2 reduction by detached nodules to either too much or too little water on their surfaces. Sutton and Jepsen (21) concluded from comparisons of nodule slices and detached, whole nodules "that the effect of water-logging (described by Sprent 1191) was to prevent gaseous diffusion through the nodule cortex to the central zone of cells containing nitrogenase." In our mist system the large gas volume serves as a reservoir for sufficient quantities of 02, and the liquid that coats the root and nodule surfaces is always saturated with both C2H2 and 02. Consequently, diffusion of these gases across the liquid boundary layer is lessened as a factor limiting rates of C2H2 reduction.
Finally, the agitation created as the mist droplets are propelled through the gas space results in a uniformly well mixed gas phase. Samples taken for C2H4 or C2H2 analysis are representative of the entire gas phase, and localized depletion or concentration of the component gases is avoided.
The predominant techniques employed in early investigations of N2 fixation using the C2H2 reduction assay involved incubation of nodulated root segments, excised nodules, or nodule slices in a gas mixture. Nearly all recently reported systems for in situ C2H2 reduction assays on intact plants incorporated solid rooting media. Both systems thus lack the capability for studying N03 absorption kinetics. Conversely, most conventional ion absorption techniques are not easily adapted for C2H2 reduction assay. A gastight incubation vessel is required for C2H2 reduction, and technical problems of gas exchange between the liquid and gas phases would be more difficult to overcome in a liquid system than in a mist system. We believe that the capabilities of the apparatus we have developed for simultaneous measurement of N03 absorption kinetics and N2[C2H2] fixation by intact soybean plants overcome those limitations and afford distinct advantages over previously developed techniques.
